We report on magnetotransport properties on La 0.7 Sr 0.3 MnO 3 /MgO/Fe tunnel junctions grown epitaxially on top of (001)-oriented SrTiO 3 substrates by sputtering. It is shown that the magnetoresistive response depends critically on the MgO/Fe interfacial properties. The appearance of an FeO X layer by the interface destroys the 1 symmetry filtering effect of the MgO/Fe system and only a small negative tunneling magnetoresistance (TMR) (∼ −3 %) is measured. However, in annealed samples a switchover from positive TMR (∼ +25% at 70 K) to negative TMR (∼ −1 %) is observed around 120 K. This change is associated with the transition from semiconducting at high T to insulating at low T taking place at the Verwey transition (T V ∼ 120 K) in Fe 3 O 4 , thus suggesting the formation of a very thin slab of magnetite at the MgO/Fe interface during annealing treatments. These results highlight the relevance of interfacial properties on the tunneling conduction process and how it can be substantially modified through appropriate interface engineering.
I. INTRODUCTION
Magnetic tunnel junctions (MTJs) consist of two ferromagnetic (FM) electrodes separated by a thin insulating barrier. The relative conductance variation by flipping the magnetization between the parallel and antiparallel alignments of those electrodes is called tunneling magnetoresistance (TMR). According to Jullière's model, its value is given by 2PP /(1 + PP ), P and P being the tunneling electron spin polarizations of the junction's two electrode/barrier interfaces [1] . Therefore, in the search for improving TMR response, half-metallic ferromagnets are one of the most suitable materials because they provide full spin polarization at the Fermi level. Among those materials manganites such as La 0.7 Sr 0.3 MnO 3 (LSMO) have been intensively investigated [2] ; however, their performances are drastically reduced at room temperature (RT) and other half-metallic materials, such as Co-based Heusler alloys with Curie temperatures well above RT [3] , have become the topic of interest in the past few years. Besides full spin polarization, half metals also provide full symmetry polarization of current, which allows studying the symmetry filtering effect across MgO barriers [4] . On the other hand, it is well known that the tunneling process also depends critically on the electronic structure of the barrier and on the microscopic * Present address: Santiago de Compostela, Spain.
features at the electrode/barrier interfaces. Thus, acting on these aspects through interface engineering may become a very appealing procedure for improving TMR response [5, 6] . High polarization can also be achieved by choosing an appropriate electrode/barrier combination, as in the case of MTJ with epitaxial Fe (001) electrodes and MgO barriers [7] , where the coherent (spin and symmetry conserving) tunneling process promotes the predominant transmission of electronic states with 1 character with the majority spin orientation, resulting in giant TMR values exceeding 100% [8, 9] .
In this scenario, the use of transition-metal oxides in MTJs may be the source of a plethora of interesting new phenomena resulting from the combined effect of electron correlations with various possible forms of symmetry breaking at the interfaces [6] . An example is the case of the LaMnO 3 /SrMnO 3 interface, where interface engineering encompasses modifications in orbital occupancy, which give rise to the appearance of ferromagnetism at the interface between these two antiferromagnets (AF) [10] . Moreover, modified bonding at the interface can cause interesting spin-filtering effects responsible for nonmonotonic and highly anomalous dependences of the TMR response with temperature or applied bias [11] . In particular, the combination of perovskite manganites with MgO barriers may yield interesting effects resulting from the different lattice structures and from the high degree of epitaxial strain in this interface. In fact, high-field MR values above 500% have been already reported in the LSMO/MgO/Fe system, although the effect cannot be linked to the rotation of the magnetic electrodes [12] . However, the Fe/MgO combination may also introduce spin depolarization due to the formation of nonstoichiometric Fe oxides, as recently shown both experimentally and theoretically, drastically reducing TMR values [13] . Of particular interest is the formation of magnetite (Fe 3 O 4 ), which shows a high spin polarization at the Fermi level as well as a high Curie temperature, T C ∼ 585
• C. In addition, magnetite exhibits a transition from semiconducting at high temperature to insulating at low temperature at the Verwey temperature T V ∼ 120 K, [14] which may have a strong influence on the tunneling conduction process.
In this work we report on the magnetotransport properties of magnetic tunnel junctions made from highly epitaxial LSMO (42 nm)/MgO/Fe (20 nm) heterostructures grown on top of TiO 2 -terminated (100)SrTiO 3 (STO) substrates by magnetron sputtering, as described elsewhere [15] . Samples exhibit a negative TMR response of about 3% at 100 K, which indicates that the 1 symmetry filtering effect expected for the MgO/Fe system has been suppressed. Interestingly, annealing treatment (400
• C for half hour in high vacuum) allows obtaining a positive TMR response with values of ∼25% at 70 K and pronounced dependence on the voltage bias. However, the positive TMR response vanishes at T ∼ 120 K and, for higher temperatures only the small (∼1%) negative TMR response is found. This behavior is explained in terms of the existence of an iron oxide layer at the MgO/Fe interface with an important effect on the electronic structure of the interface and on the tunneling conduction process. In fact, scanning transmission electron microscope (STEM) pictures show a blurred Fe/MgO interface, suggesting the presence of FeO X irregularly distributed at this interface. Annealing substantially modifies the structural quality and oxygen content of this interfacial oxide, as demonstrated by x-ray photoelectron spectroscopy (XPS), promoting the formation of a very thin continuous FeO X layer. The change of the TMR sign at T ∼ 120 K, i.e., in accordance with the Verwey transition temperature of Fe 3 O 4 , strongly suggests the formation of magnetite during the annealing process. Thus the observed positive TMR would be explained in terms of the interplay between the complex band structure of transition-metal oxides and different electronic symmetries similar to those discussed in Ref. [4] . The effect of the MgO barrier thickness on the TMR response has also been analyzed, making evident that for thin enough barriers electrodes are antiferromagnetically coupled. These results evidence once more the relevance of interfacial properties on the final performances of MTJs and highlight the promising role of interface engineering to obtain devices with new and enhanced functionalities.
II. EXPERIMENTAL
LSMO/MgO bilayers were grown by magnetron sputtering in oxygen plasma at 900
• C and 600
• C, respectively. Then the sample was transferred to another vacuum chamber for growth of the Fe layer. Prior to Fe deposition, the bilayers were annealed (to suppress surface hydroxylation due to air exposure) for 30 min at 400
• C. The Fe layers were protected with Ti and Au capping layers. Samples with different MgO barrier thicknesses (t = 1.2 and 2.4 nm) were prepared and up to eight rectangular-shaped junction pillars were patterned on each sample by using optical lithography and Ar-ion milling [6] , their areas ranging from 2 × 4 to 18 × 9 μm 2 (see Fig. S1 from Supplemental Material [16] ). Transport measurements were done using a Keithley source in the dc two-probe configuration, with positive bias corresponding to the electrons tunneling from the top Fe electrode to the bottom LSMO electrode. Magnetic measurements were performed by applying the magnetic field (H ) parallel to the sample surface (in plane) and perpendicular to it (out of plane). In-plane measurements were done along the [100] Fe easy axis, which coincides with the [110] axis of MgO, LSMO, and STO, and also the long side of the patterned rectangles. (See sketch of the configuration in Fig. S1 and in-plane anisotropy measurements in Fig. S4 from the Supplemental Material [16] .) Both field and temperature were carefully controlled in a Quantum Design physical property measurement system (PPMS).
Microstructural characterization of the heterostructures, by using high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was carried out in a probe-corrected FEI Titan 60-300 operated at 300 kV with a probe size below 1Å. The local structure of the multilayer can be appreciated from the HAADF-STEM image shown in Fig. 1 (left), in which the high crystallinity of the layers is apparent. Whereas the bottom LSMO/MgO interface is abrupt, the top MgO/Fe interface is blurred and rough, thus evidencing some structural disorder due to the detrimental effect of air exposure on the topmost MgO atomic layers during the transferring of samples for Fe deposition. Power spectra obtained on the different regions of the heterostructure confirm the epitaxial relationship between the different layers of materials [see Fig. 1 (right side)], although a rotation of 2
• -4
• of the MgO layer with respect to the LSMO layer is detected.
III. RESULTS AND DISCUSSION
The blurred Fe/MgO interface observed in STEM experiments (see Fig. 1 ) suggests the existence of some structural disorder at this interface which would promote the formation of iron oxide (FeO X ), thus playing an important role in the behavior displayed by the junctions. The relevance of the microstructure of the MgO/Fe interface has been clearly pointed out in the literature [8, [17] [18] [19] [20] [21] [22] [23] . The existence of FeO X at the interface has been reported in several cases, showing that its amount depends critically on the MgO growth method. FeO X has been shown to form at the interface between Fe and MgO due to Fe-O bonding [24] . The detrimental effect of this FeO X layer on the TMR response, and its improvement after different thermal annealing treatments, has also been previously reported [25] . To suppress or reduce as much as possible the formation of this FeO X layer, we have analyzed different strategies. We have considered the growth of the Fe layer in a reductive atmosphere (95% Ar + 5% H 2 ), however this results in a substantial reduction of the LSMO Curie temperature (T C ∼ 250 K), in spite of the LSMO layer being capped with the MgO barrier. Next we checked the effectiveness of an annealing process (400
• C for 30 min at high vacuum after Fe layer deposition This result is contrary to the tendency usually reported for MgO/Fe interfaces in Fe/MgO/Fe heterostructures, thus suggesting that the LSMO layer may well act as an extra source of oxygen for the oxidation of the Fe interface. Further support to this idea is gained from the increase of the out-of-plane cell parameter of the LSMO layer detected by high-resolution x-ray diffraction in annealed samples (data not shown). On the other hand, the permeability of the MgO barrier for oxygen is also evidenced by the substantial reduction of the LSMO Curie temperature in MgO-capped LSMO layers. These results impose serious constrains on the growth process of Fe/MgO/LSMO heterostructures intended for the implementation of high-TMR-response MTJs.
I-V curves measured by sweeping voltage are nonlinear (as shown in the inset of Fig. 3) , and the conductance of the junctions as a function of bias voltage is asymmetric and parabolic at low bias, thus suggesting tunneling transport. Particular attention was paid to the junction's zero-field resistance variations as a function of temperature that, according to the results reported in Ref. [26] , provides information regarding the barrier quality and allows confirmation of tunneling conduction. Figure 3 depicts the temperature dependence of the resistance for an 18 × 9 μm [2] LSMO/MgO/Fe annealed junction for several positive bias values, which shows an exponential increase of the resistance when temperature is lowered, in contrast to the weak insulating behavior expected for MTJs with direct tunneling [26] . This dependence suggests the existence of impurity-assisted conduction channels through the barrier [27] . In fact, the presence of some defects levels in the band gap of MgO due to intrinsic microstructural defects (vacancies, interstitial and interfacial states), which can provide conducting channels in the MgO layer, leading to the degradation of the barrier performances, has been stated previously [15, 28, 29] . However, as shown in Ref. [29] , hopping across localized states in the MgO/Fe system would not lead to an exponential increase of the junction resistance; thus other contributions, such as increase of resistance at the LSMO topmost layers due to oxygen migration, and 094428-3 structural disorder with the appearance of FeO X at the Fe/MgO interface, should also play a relevant role in this increase of the junction resistance. In principle a negative TMR response should be expected according to the negative and positive effective spin polarization of Fe/MgO interface and LSMO electrode, respectively. However, when electronic symmetries are taken into consideration, the sign of the TMR response is not so evident. Conduction electrons in LSMO have 1 electronic symmetry and positive spin polarization. On the other hand, MgO promotes dominant transmission of electrons with 1 electronic symmetry, and 1 symmetry conduction electrons in bcc Fe have positive spin polarization. Accordingly, a spin-polarized 1 transport channel should be the dominant conduction channel in this system and, consequently, an effective positive spin polarization at both interfaces should be expected. Therefore the TMR response of a LSMO/MgO/Fe system should be positive. In contrast, a negative TMR response is found in every range of temperatures (see Figs. 4 , 5, and S3 [16] ). These results make evident the relevance of structural disorder at the MgO/Fe interface in nonannealed samples that destroys the 1 symmetry filtering effect and leads to a negative effective spin polarization of the Fe/MgO interface due to a complex density of states FIG. 5 . Temperature dependence of the negative TMR (measured at −200 mV for the same junction as in Fig. 4) . The line is a guide to the eyes.
at the Fe surface [13, 30] . The switch from parallel (P) configuration to antiparallel (AP) configuration, which takes place at H ∼ 50 Oe and results in a lower device resistance, is basically abrupt. However, the switch at higher field (from the antiparallel state to the parallel state) seems to take place in a two-step process: a relatively sharp switch at around 250-300 Oe and a gradual rotation of the electrodes to gain back the parallel configuration of electrodes. It is also worth mentioning that the resistance at the antiparallel state is not constant but tends to increase for higher fields, which could indicate a small misalignment between the applied field H and the easy axis of the electrodes, so that instead of viewing a single switch, a gradual rotation of the electrode's magnetization causes a variation in the resistance in the AP configuration. Minor loops make evident the switching of the magnetization of only one of the ferromagnetic electrodes, thus confirming the phenomenon is indeed TMR, in spite of its small value (TMR 4%) (see Fig. S3 from Supplemental Material [16] ). The temperature dependence of the negative TMR response is plotted in Fig. 5 . TMR decreases monotonically on increasing temperature and becomes vanishingly small at around T ∼ 200 K.
Possible strategies to improve the TMR response in this system involve achieving sharp clean Fe/MgO interfaces restoring symmetry filtering effect, and stoichiometric MgO barriers. In this sense, in Fe/MgO/Fe MTJs the use of thermal annealing and incorporation of a thin ∼5Å Mg layer into the barrier/electrode interface have shown to be effective. Either improvement of (001) texture in the MgO layer or improvement of interface sharpness and reduction of interfacial oxides are routinely suggested [31] . Nevertheless, the reason of this effectiveness is still unclear. On the other hand, strain-induced changes of local symmetry at the LSMO/barrier interface may promote weak changes on the local Mn valence [32] that could further degrade the TMR response. This latter effect may be partially compensated by modulating the interface doping profile in a similar way to the approach reported by Yamada and co-workers [33] .
Annealing the samples improves the structural quality at the Fe/MgO interface, leading eventually to the formation of an ordered oxide layer (see Fig. 1 ). The TMR response in annealed samples exhibits a positive abrupt switch between two resistance states at temperatures below about 120 K [see Fig. 6(a) ]. For higher temperatures [see Fig. 6(b) ], TMR curves evidence the superposition of positive and negative contributions and, as temperature further increases [ Fig. 6(c) ], only the negative TMR contribution remains. As mentioned above, in optimal conditions with clean epitaxial MgO/Fe interfaces, a spin-polarized 1 transport channel should be the dominant conduction channel in the LSMO/MgO/Fe system, leading to a positive TMR response. However, XPS spectra clearly show an increase of the FeO X at the Fe/MgO in annealed samples (see Fig. S2 [16] ); thus the positive TMR response observed in those samples cannot be attributed to a symmetry filtering effect at the MgO/Fe interface. The presence of an iron oxide layer would add more complexity to the electronic structure of the interface, enabling the suppression or even the sign reversal of the TMR response by temperature changes or by appropriate bias polarity [8, 29, 30] . In fact, recent reports have shown that an inversion of the spin polarization occurs at oxidized interfaces due to 3d-2p hybridization. It has been theoretically demonstrated that the larger population of majority antibonding orbitals (as compared to the minority ones) has a spin-filtering effect, causing a positive spin polarization of the tunneling current [13] .
The positive TMR ratio increases in amplitude with decreasing temperature and reaches ∼ + 25% at 10 mV at around T = 70 K (see Fig. S5 from the Supplemental Material [16] ). The positive TMR was also found to decrease with bias voltage (see Fig. 7 ), which is a quite common behavior in magnetic tunnel junctions, as discussed by Tsymbal et al. [34] .
In this scenario, the complex temperature dependence of the TMR would result from the competing negative contribution of the (bulklike) electrodes and the temperature-dependent spin-filtering effect of the FeO X interfacial layer. The fact that the change in sign of the TMR signal occurs around T ∼ 120 K, together with the upward shift of the binding energy peak as we approach the interface with MgO (see Fig. 2 ), strongly suggest that the interfacial iron oxide layer would be mostly Fe 3 O 4 . The loss of spin filtering would be related to the Verwey transition (expected around 120 K) in which Fe 3 O 4 goes from insulator to semiconductor. In fact, previous works on Fe/MgO core-shell nanoparticles yielded a change of sign of MR at the same temperature and Fe 3 O 4 was observed at the interface [35] . In our junctions, at low temperatures the interfacial oxide induces the depolarization of the tunneling current, besides the spin filtering, yielding the modest positive TMR. The switching fields therefore correspond to the LSMO coercive field and to that of the Fe exchange coupled with the FeO X layer, and so are considerably large [∼300 Oe, from Fig. 7(a) ]. At higher temperatures, however, the interfacial oxide is no longer insulating, so it does not filter and the TMR takes negative values as in nonannealed samples.
It is worth mentioning that, in addition to Fe oxidation at the interface, the existence of oxygen vacancies within the MgO barrier itself [29, 36] , structural defects [37] , and roughness [38] may also influence the interfacial electronic structure and therefore contribute to modify the TMR response. The particular case of oxygen vacancies has been deeply analyzed in Ref. [29] , showing that they can alter the effective barrier height for symmetry-resolved charge carriers, leading to a decrease of the TMR response as temperature increases.
With the aim of reducing the resistance of the MTJs, we have also analyzed the dependence on the barrier thickness by narrowing the MgO layer down to 1.2 nm. As expected, this results in lower resistance values, which enable less noisy data at low T. In addition, smaller voltage bias dependence of TMR was found. However, maximum TMR response was reduced and values hardly above 10% were found (see Fig. S6 in Supplemental Material [16] ). The reduction of the TMR values are explained because for thin barriers electrons with momentum vectors deviating from the barrier-normal direction have a finite tunneling probability that decreases both the spin polarization and the MR ratio. (The Fe-1 band has its highest spin polarization in the barrier-normal ([001]) direction [8] ). In addition, thinner MgO barriers would favor Fe oxidation driven by the oxygen transfer from the LSMO layer. This fact could strongly modify the quality and oxidation degree of the FeO X layer and therefore affect its electronic properties.
On the other hand, the reduction of the MgO barrier thickness entails the appearance of AF coupling between the LSMO electrode and the FeO X layer, as can be inferred from the behavior observed in some minor loops (see Fig. S7 from the Supplemental Material [16] ). Due to the competition 094428-5 between AF interaction, which gives rise to a sort of exchange bias field, and the coercive field, switching from P to AP configuration, takes place before crossing H = 0; concomitantly, the switching back to P configuration takes place at larger H than expected (∼400 Oe), because the system needs more energy to overcome the effect of the AF coupling. The effect of this AF coupling can be also appreciated in TMR measurements with the magnetic field H applied out of plane, i.e., perpendicular to the junction plane (see Fig. 8 ). For large fields, the magnetizations of the electrodes are parallel to each other and aligned along H, and the low measured resistance coincides for both in-plane and out-of-plane configurations (R P in Fig. 8) . However, as shown in the inset of Fig. 8 , the resistance obtained at low fields for H out-of-plane configuration coincides with the resistance measured for the antiparallel alignment of magnetizations, in the case of the H in-plane configuration (R AP in Fig. 8 ). This suggests that a rotation of the magnetic moment of the electrodes takes place to favor antiparallel alignment at H = 0.
In addition, for the out-of-plane configuration, a switching towards lower resistance (which yields an intermediate value of resistance between the R AP and R P ) occurs at fields above 400 Oe. We surmise that this negative TMR is a 90
• configuration between magnetizations, which may result from the competition between the alignment of the magnetization of the electrodes along the externally applied magnetic field, the in-plane anisotropy of thin films, and the AF coupling. It is worth mentioning here that perpendicular magnetic anisotropy has been reported, both theoretically and experimentally, in the Fe/MgO system [39] , but it has also been shown that it strongly depends on the oxidation degree of interfaces [40, 41] . In addition, AF coupling due to interlayer exchange coupling has also been reported for the Fe/MgO/Fe system for MgO barrier thicknesses around 1 nm [42] . Furthermore, some theoretical studies also predict AF coupling for MgO barrier thicknesses below about 2 nm and in close correlation with its structural quality (defects, oxygen vacancies, etc.) [43] , therefore in good agreement with the results shown here. It is important to signal that this behavior opens the door to the design of three resistance-state devices.
IV. CONCLUSIONS
Our work emphasizes the relevant role of interfaces in the final response of magnetic tunneling junctions and evidences that appropriate interface engineering will allow controlling the final behavior of the system. In optimal conditions the LSMO/MgO/Fe system should exhibit a positive TMR response because the spin-polarized 1 transport channel should be the dominant conduction channel and effective positive spin polarization at both interfaces should be expected. However, negative TMR response is observed in nonannealed samples due to structural disorder with the presence of FeO X by the Fe/MgO interface that suppresses the symmetry filtering effect. Our results show that by properly modifying Fe/MgO interface, a positive TMR response of about 25% at 70 K can be obtained. However, this positive TMR is most likely to result from modified bonding at the interface between the Fe electrode and the MgO barrier due to improvement of microstructural quality, leading eventually to the formation of an ordered FeO X layer. The positive TMR becomes vanishingly small at about 120 K, and above this temperature only the small negative TMR response, as in nonannealed samples, is observed. This fact, together with the upward shift of the binding energy peak in the Fe 2p region in XPS spectra, strongly indicate that the interfacial iron oxide layer would be mostly Fe 3 O 4 . The loss of spin filtering would be related to the Verwey transition (expected at T V ∼ 120 K) in which Fe 3 O 4 goes from insulator below T V to semiconductor. This FeO X layer has been reported to form at the interface between Fe and MgO, even in high-vacuum conditions, due to Fe-O bonding [24] . Although in Fe/MgO/Fe systems the FeO X layer is suppressed by appropriate annealing treatments, in our case an enhancement of the FeO X layer after annealing is detected, thus suggesting that the LSMO layer may well act as an extra source of oxygen for the oxidation of the Fe interface. While our results envisage the possibility of integrating half-metal electrodes with spin-filtering barriers, it also makes evident the intrinsic difficulties in combining transition-metal oxides with metals such as Fe or Co. In addition, an effort is necessary to improve the crystal quality at the interface, which should lead to higher TMR values and possibly also to larger spin selectivity by the barrier. 094428-6
